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Abstract: Linkers or spacers are short amino acid sequences created in nature to separate
multiple domains in a single protein. Most of them are rigid and function to prohibit unwanted
interactions between the discrete domains. However, Gly-rich linkers are flexible, connecting
various domains in a single protein without interfering with the function of each domain. The
advent of recombinant DNA technology made it possible to fuse two interacting partners with the
introduction of artificial linkers. Often, independent proteins may not exist as stable or structured
proteins until they interact with their binding partner, following which they gain stability and the
essential structural elements. Gly-rich linkers have been proven useful for these types of unstable
interactions, particularly where the interaction is weak and transient, by creating a covalent link
between the proteins to form a stable protein-protein complex. Gly-rich linkers are also employed
to form stable covalently linked dimers, and to connect two independent domains that create a
ligand-binding site or recognition sequence. The lengths of linkers vary from 2 to 31 amino acids,
optimized for each condition so that the linker does not impose any constraints on the
conformation or interactions of the linked partners. Various structures of covalently linked protein
complexes have been described using X-ray crystallography, nuclear magnetic resonance and
cryo-electron microscopy techniques. In this review, we evaluate several structural studies where
linkers have been used to improve protein quality, to produce stable protein—-protein complexes,
and to obtain protein dimers.
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Introduction

Natural linkers act as spacers between the domains
of multidomain proteins. Several interdomain link-
ers have been identified at the boundaries of func-
tionally distinct domains.® These linkers adopt a
coiled structure and show a preference for Gln, Arg,
Glu, Ser, and Pro amino acids.! An automated
method to extract interdomain linkers from a data-
set of proteins with a known three-dimensional
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structure revealed that the majority of the interdo-
main linker sets constitutes Pro, Arg, Phe, Thr, Glu,
and Gln residues that act as rigid spacers.? Proline
is common to many naturally derived interdomain
linkers, and structural studies indicate that proline-
rich sequences form relatively rigid extended struc-
tures to prevent unfavorable interactions between
the domains.® An independent analysis showed that
Thr, Ser, Gly, and Ala are also preferred residues in
natural linkers.* Besides, flexible Gly-rich regions
have been observed as natural linkers in proteins,
generating loops that connect domains in multido-
main proteins.>® The advancement in recombinant
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DNA technology facilitated fusion of proteins or
domains using these synthetic amino acid linkers. In
addition to structural studies of protein—protein
interactions, a wide range of applications in the field
of biotechnology have employed these fused proteins
to explore protein-based biochemistry, such as to cre-
ate artificial bifunctional enzymes,” to produce anti-
bodies® and proteins with specialized functions,® and
as tools for FRET analysis.!°

The characterization of protein—protein interac-
tions is often required to gain an understanding of
various biological processes. Yet, the study of pro-
tein—protein interactions for many complexes is
hampered when one or more partners of the complex
are unfolded or unstable. Traditionally, this problem
has been addressed by the co-expression and/or co-
purification of both proteins.'! However, for weakly
interacting or unstable complexes, the co-expression
and/or co-purification often results in a single pro-
tein.'? Protein engineering techniques were another
option to address unfolded or unstable proteins,
using a single polypeptide chain chimera to link the
two binding partners via a flexible amino acid linker
13 With these chimeric proteins, it was then possible
to maintain both the intramolecular and intermolec-
ular protein—protein interactions,'* and chimeric
proteins have been used to generate stable, soluble
binary complexes for structural studies, as well as
functional dimers.*®

Linking binding partners using an artificial
linker will increase the proximity between the inter-
acting partners and preserve the natural interaction.
In cases where the interacting partners are not
linked, it is possible that the binding partners might
dissociate due to their low affinity and/or due to the
crystallization conditions. Most of the artificial link-
ers used to generate chimeric proteins for structural
studies are rich in Gly residues (Table I). Interest-
ingly, the naturally occurring, flexible linkers found
in many proteins are also rich in Gly residues. In
the next section, we discuss some of these naturally
occurring Gly-rich linkers.

Gly-rich linkers in nature

Naturally occurring Gly-rich linkers exist in many
proteins and, aside from linking domains, they are
known to have a functional role in the protein. The
transcription factor PAX6 consists of two DNA-bind-
ing domains, a paired domain (PD) and a homeodo-
main (HD), joined by a Gly-rich linker.'® Crystal
structure analysis of the human PAX6 PD-DNA com-
plex revealed that the extended linker makes minor
groove contacts with the DNA.' In transmembrane
glycoproteins (TMs) of retroviruses, important func-
tional roles are also carried out by the linkers, which
mediate membrane fusion through an N-terminal
fusion peptide. The fusion peptide is linked to the
central coiled-coil core through Gly-rich linkers. The
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length and amino acid composition of linkers are
conserved in many retroviruses and in HA2 of influ-
enza viruses.'® Alanine and proline scanning muta-
genesis experiments showed that the Gly-rich linker
of human T-cell leukemia virus Type 1 (HTLV-1)
TM, gp21, is involved in membrane fusion func-
tion.'® The N-terminus of the SR protein (sequence-
specific RNA-binding factors), SRSF1, contains two
RNA recognition motifs (RRM) connected through a
Gly-rich linker, which is essential for the binding of
exonic splicing enhancers (ESE).!° In other cases,
the role of the Gly-rich linker is still unknown. In
filamentous Ff bacteriophages (M13, fd, and f1)
minor coat gene 3 protein (g3p) consists of three
domains (N1, N2, and CT) connected by a flexible
Gly-rich linker;® a longer Gly-rich region exists in
the g3p of the IKe filamentous phage, but this
appears to confer no selective advantage.2’Gly-rich
linkers are also involved in disease conditions. TDP-
43 (TAR DNA binding protein) consists of two RNA
binding domains (RBD) and a Gly-rich C-terminus.
Mutations in the Gly-rich domain of TDP-43 have
been related to amyotrophic lateral sclerosis.?* Gly-
rich linkers are also employed for bioimaging stud-
ies. Novel fluorogen activating proteins (FAPs) con-
sist of single-chain variable fragments (scFvs), which
are made of human immunoglobulin variable heavy
(VH) and variable light (VL) domains covalently
attached via a Gly- and Ser-rich linker.?? These
FAPs produce fluorescence upon binding to a specific
dye or fluorogen and are used in bio-imaging studies
to track protein dynamics.

The roles of linkers

Poly-Gly and Gly-rich linkers can be considered as
independent units and do not affect the function of
the individual proteins to which they attach. The
fused proteins behave independently, such that the
single chained proteins can perform the combined
function of fused partners.?®2* For example, the
native Type I’ beta-turn loop in staphylococcal nucle-
ase was replaced with a five-residue turn sequence
from concanavalin A, without altering the activity of
the nuclease. The crystal structure revealed that the
hybrid protein was well folded and the introduced
turn sequence retained the conformation of the par-
ent concanavalin A structure.?’ In other systems,
however, linker regions can affect the stability, solu-
bility, oligomeric state, and proteolytic resistance of
the fused proteins.2* The repressor protein, Are, is a
dimer with identical subunits. A fused protein—Arec-
linker-Arc—was tested for its stability, protein fold-
ing kinetics, and biological activity by varying the
length and composition of the linker. While the poly-
Gly linkers provided maximum conformational free-
dom, it failed to ensure optimal stability. In contrast,
maximum stability was obtained with a linker con-
taining 11 Ala and 5 Gly residues or 7 Ser and 9 Gly
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residues, respectively, in the randomized region of
the linker.2® Flexible Gly linkers have been used to
improve the folding and function of epitope-tagged
proteins. Flexible polypeptide linkers of 5, 8, or 10
Gly residues have been placed between an epitope
and a tagged protein to increase epitope sensitivity
and accessibility without interfering in protein fold-
ing and function.2”?® Thus, it is important that the
length and amino acid composition of a potential
linker is optimized in order to preserve the biological
activity of the individual proteins in the fused
complex.

The loop length created by the linker can have a
profound effect on the action of the linker in the
fused complex. A systematic study to investigate the
role of loop length in protein folding and stability
was carried out using the Rop protein as a model
system.?* Rop is a homodimer of helix-loop-helix
monomers and, for this experiment, the two-residue
loop linker between helix 1 and helix 2 was replaced
by a series of non-natural (Gly);_;¢ linkers, with 1 to
10 Gly residues. As with the wild type Rop protein,
all 10 mutants maintained a highly helical dimer
structure and retained the same level of wild-type
RNA-binding activity. Interestingly, however, the
stability of the Rop protein toward thermal and
chemical denaturation was inversely correlated with
loop length; that is, a longer loop length resulted in
a progressively decreased stability.2* In cases where
protein solubility and/or stability are the key prob-
lems for protein—protein interaction studies, tether-
ing them to each other can improve the solubility
and stability of the complex.?’3! In some cases, the
stability can be improved by altering the linker
length and amino acid composition.?® Thus, Gly-rich
linkers are used between two interacting proteins ei-
ther to improve the stability of one of the binding
partners or, where the interaction is transient, to
generate a stable protein—protein complex. Here, we
present our analysis on various cases where artifi-
cial Gly-rich linkers have been used to fuse two pro-
teins for structural studies. Table I provides details
about the proteins that were fused and also about
the length and composition of the linker used for
fusion.

Linkers for unstable proteins and their

binding partners

Some proteins exist in complex with their binding
partner(s) in order to remain stable in cells.?? They
cannot exist as a single protein and require co-
expression with their binding partner when
expressed in a heterologous system. Overexpression
of single proteins would result in unstable protein
molecules or higher molecular weight aggregates,
which hampers crystallization. In several cases, this
is addressed via the use of flexible Gly-rich linkers.
In the following sections, we briefly discuss the utili-
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zation of this strategy to generate stable major histo-
compatibility complex (MHC) Class II molecules,
LIM (Lin-11/Islet-1/Mec-3) domains and Pregnane X
receptor molecules for structural studies.

MHC class II-peptide complexes. The linkers
used in MHC molecules are advantageous for two
different scenarios: to stabilize proteins and to trap
transient protein—protein interactions. Initially, it
was shown that the covalent linkage of a peptide to
an MHC Class II molecule could stabilize the MHC
molecule.'® Later, this strategy was applied to obtain
the MHC/peptide/TCR (T-cell receptor) ternary com-
plex,”® which was revealed to be a fast dissociating
complex (see Linkers to trap transient protein—pro-
tein interactions section).

MHC Class II molecules are heterodimeric pro-
teins comprising noncovalently interacting o and
chains. The extracellular portion consists of two
regions: a peptide binding site, consisting of an ol or
Bl domain, and an Ig-like domain, consisting of an
o2 or B2 domain. When expressed as two different
chains (o and fB) and mixed together to form a off
heterodimer, MHC Class II molecules resulted in
high molecular weight aggregates, suggesting the
possible heterogeneity of of heterodimers in the
presence of free o and B chains. However, stable off
heterodimers were produced when an antigenic pep-
tide, recognized by a particular MHC Class II mole-
cule, was covalently linked to the N-terminus of the
MHC Class II B1 chain by a 16-amino acid Gly-rich
linker (GGGGSLVPRGSGGGGS). The presence of
linker had no effect on the recognition of peptide-
MHC Class II complex by the specific T-cell hybrid-
omas.'® This particular linker has a thrombin cleav-
age site flanked by Gly-rich residues, so that the
linker between the fused proteins can be cleaved.
However, the crystal structure of the human class II
MHC protein, HLA-DR1, complexed with an
unlinked influenza virus peptide (PDB: 1DLH)
revealed that a six-amino acid linker is sufficient to
connect the C-terminus of the peptide to the
N-terminus of the MHC class II molecule’®. Further,
tethering an ovalbumin (OVA) peptide to the N-ter-
minus of the 1 chain of the I-A* MHC Class II mol-
ecule using a six-amino acid linker (Table I), was
sufficient to enhance the stability of of heterodimers
(Fig. 1).”® Further crystallization trials found that
many conditions could produce diffraction-quality
crystals. This experimental approach led to the suc-
cessful crystallization of other MHC Class II-peptide
complexes using a polypeptide linker.31™44

LIM domain and related proteins. LIM (Lin-11/
Islet-1/Mec-3) domains are a class of zinc binding
domains that mediate protein—protein interactions
to regulate cell fate.?® LIM domain-containing
proteins are divided into three groups: LIM-only
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Table I. Structurally Known, Covalently Linked Complexes

N-terminus protein/

C-terminus

peptide Linker protein/peptide PDB Method Reference

Unstable proteins and their interacting partners:

a. MHC Class II molecules and peptide complexes:

HSP70 peptide GGGGSLVPRGSGGGGS  MHC Class II I-EX 11IEB X-ray 31

Influenza virus GSGSGS MHC Class II I-A¢ 1IAO X-ray 32
hemagglutinin
peptide

Ovalbumin peptide GSGSGS MHC Class II I-A¢ 2IAD X-ray 32

Hen egg lysozyme GGGGSLVPRGSGGGGS MHC Class II I-A* 1TAK X-ray 33

Hen egg lysozyme GGGGSLVPRGSGGGGS MHC Class II I-Ag” 1F3J X-ray 34

pHB (64-76 of the d GGGGSLVPRGSGGGGS MHC Class II mut 1I3R X-ray 35
allele of mouse P IE* (E11Q, D66N
globin) on o chain)

Mylein Basic Protein eight residues of GS MHC Class II I-Au 1K2D X-ray 36
(1-11)

Pigeon Cytochrome c GGGGSLVPRGSGGGGS MHC Class II I-EX 1KTD X-ray 37

Moth Cytochrome ¢ GGGGSLVPRGSGGGGS MHC Class II I-EX 1KT2 X-ray 37

Eao 3K peptide GGGGSLVPRGSGGGGS MHC Class II I-AP 1LNU X-ray 38

class II invariant GSGSGS MHC Class II I-AP 1MUJ X-ray 39
chain-associated
peptide (CLIP)

hypocretin GGGGSLVPRGSGGGG MHC class II DQ0602 1UvQ X-ray 40

Mylein Basic Protein GSGSGS MHC Class II I-A" 2P24 X-ray 41
(124-135)

Tu elongation factor GGGGSLVPRGSGGGGS DR52c 3C5J X-ray 42

HLA-DR o-chain GGGGSLVPRGSGGGGS HLA-DP2 3LQZ X-ray 43

Gliadin GGGGSLVPRGSGGGGS HLA-DQ2.3 4D8P X-ray 44

b. LIM binding and related proteins:

LIM only protein, GGSGGHMGSGG LIM domain-binding — NMR 45
LMO2 protein 1(Ldb1)

LIM only protein, GGSGGHMGSGG LIM domain-binding 1M3V, NMR 29
LMO4, LMO2 protein 1(Ldb1) 1J20

LIM only protein, GGSGGSGGSGG LIM domain-binding 1RUT X-ray 23
LMO4 protein 1(Ldb1)

LIM only protein, GGSGGSGGSGG LIM domain-binding 2DFY X-ray 46
LMO4 protein 1(Ldb1)

LIM homeobox GGSGGHMGSGG Isl1 (Islet-1) 2RGT X-ray 47
protein 3, Lhx3

LIM domain-binding GGSGGHMGSGG LIM homeobox 2JTN NMR 48
protein 1(Ldb1) protein 3, Lhx3

LIM only protein, GGSGGSGGSGG LIM domain-binding — NMR 48
LMO2-LIM2 protein 1(Ldb1)

LIM only protein, GGSGGSGGSGG LIM domain-binding 2L6Y, 2L67Z NMR 49
LMO2 protein 1(Ldb1)

LIM homeobox GGSGGHMGSGG Is12 (Islet-2) 3MMK X-ray 30
protein 4, Lhx4

LIM only protein, GGSGGHMGSGG CtlP ( C-terminal — NMR 50
LMO4 binding protein

interacting protein)
c. PXR-ligand binding domain and SRC-1:
PXR-LBD GGSGG SRC-1 3CTB, 3CTC, X-ray 51
3HVL

Transient protein—protein interactions:

a. TCR-peptide-MHC molecule complexes:

1. Peptide bound to MHC molecule:

hen egg CA peptide GGGGSLVPRGSGGGGS MHC Class II I-A* 1D9K X-ray 52
(residues 134 to
146)

Ea 3K peptide GGGGSLVPRGSGGGGS  MHC Class II I-AP 3C6L, 3C5Z, X-ray 53

3C60

Mylein Basic Protein GGGGSLVPRGSGGGGS HLA-DR4 306F X-ray 54
(114-126)

2. Peptide bound to TCR:

Hemagglutinin HA GGSGGGGG TCR HA 1.7 1FYT X-ray 55
peptide

Hemagglutinin HA1 GGSGGGGG TCR HA1.7 1J8H X-ray 56
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http://firstglance.jmol.org/fg.htm?mol=1IEB
http://firstglance.jmol.org/fg.htm?mol=1IAO
http://firstglance.jmol.org/fg.htm?mol=2IAD
http://firstglance.jmol.org/fg.htm?mol=1IAK
http://firstglance.jmol.org/fg.htm?mol=1F3J
http://firstglance.jmol.org/fg.htm?mol=1I3R
http://firstglance.jmol.org/fg.htm?mol=1K2D
http://firstglance.jmol.org/fg.htm?mol=1KTD
http://firstglance.jmol.org/fg.htm?mol=1KT2
http://firstglance.jmol.org/fg.htm?mol=1LNU
http://firstglance.jmol.org/fg.htm?mol=1MUJ
http://firstglance.jmol.org/fg.htm?mol=1UVQ
http://firstglance.jmol.org/fg.htm?mol=2P24
http://firstglance.jmol.org/fg.htm?mol=3C5J
http://firstglance.jmol.org/fg.htm?mol=3LQZ
http://firstglance.jmol.org/fg.htm?mol=4D8P
http://firstglance.jmol.org/fg.htm?mol=1M3V
http://firstglance.jmol.org/fg.htm?mol=1J2O
http://firstglance.jmol.org/fg.htm?mol=1RUT
http://firstglance.jmol.org/fg.htm?mol=2DFY
http://firstglance.jmol.org/fg.htm?mol=2RGT
http://firstglance.jmol.org/fg.htm?mol=2JTN
http://firstglance.jmol.org/fg.htm?mol=2L6Y
http://firstglance.jmol.org/fg.htm?mol=2L6Z
http://firstglance.jmol.org/fg.htm?mol=3MMK
http://firstglance.jmol.org/fg.htm?mol=3CTB
http://firstglance.jmol.org/fg.htm?mol=3CTC
http://firstglance.jmol.org/fg.htm?mol=3HVL
http://firstglance.jmol.org/fg.htm?mol=1D9K
http://firstglance.jmol.org/fg.htm?mol=3C6L
http://firstglance.jmol.org/fg.htm?mol=3C5Z
http://firstglance.jmol.org/fg.htm?mol=3C60
http://firstglance.jmol.org/fg.htm?mol=3O6F
http://firstglance.jmol.org/fg.htm?mol=1FYT
http://firstglance.jmol.org/fg.htm?mol=1J8H

Table 1 (Continued)

N-terminus protein/

C-terminus

peptide Linker protein/peptide PDB Method Reference
Mylein Basic Protein GGSGGGGG TCR 3A6 1ZGL X-ray 57
(89-101)
Mylein Basic Protein GGSGGGGG TCR Hy.1B11 3PL6 X-ray 58
(85-99)
b. Others:
Phosphoprotein GSGSGSGS Nucleocapsid protein 1T60 X-ray NMR 14
(457-507) of (486-505) of
paramyxoviral measeles virus
polymerase from
measeles virus
FtsY 31 amino acids Fth 2XKV Cryo-EM 59
glycine-serine
rich linker
Minor coat gene 3 GGGSEGGGSEGGGSE Integral membrane 1TOL X-ray 6
protein (g3p) GGG protein TolA
(coreceptor)
Asf1 (anti-silencing AAGAATAA Histone H3 2IDC X-ray 60
function 1)
CaM GGGGG CBD of calcineurin 2F2P, 2F20 X-ray 61
Covalently linked dimers:
a. HIV-1 PR:
HIV-1 protease GGSSG HIV-1 protease 1HPX X-ray 62
C95M HIV-1 protease GGSSG HIV-1 protease 1G6L X-ray 63
C95M HIV-1 protease GGSSG C1095A HIV-1 1LV1 X-ray 64
protease
HIV-1 protease GGSSG HIV-1 protease 2NPH X-ray 65
HIV-1 protease GGSSG HIV-1 protease 3DOX X-ray 66
HIV-1 protease GGSSG HIV-1 protease 2WHH X-ray 67
G48V/C95F HIV-1 GGSSG G48V/C95F HIV-1 3N3I X-ray 68
protease protease
HIV-1 protease GGSSG HIV-1 protease 3MIM X-ray 69
HIV-1 protease GGSSG HIV-1 protease 4EP2, 4EPJ, X-ray 70
4EP3, 4EQJ,
4EQO0
b. TTR dimer:
Transthyretin GSGGGTGGGSG Transthyretin 1QWH X-ray 71
GluR S1-S2 complex:
GluRO S1 GT GluRO S2 1115, 1IIT, 1IIW ~ X-ray 72
GluR2 S1 GT GluR2 S2 1FTK, 1FTL, X-ray 73
1FTO, 1IFWO,
1FTJ, 1IFTM
GluR5/6 S1 GT GluR5/6 S2 1S9T, 1SD3, X-ray 74
1S50, 1S7Y
Recently determined structures:
Fat domain of focal GSGSGSGSGGSG Ld4 motif of paxillin 2L6H NMR —
adhesion kinase GSGGSGGSGGSGGS
Fat domain of focal GSGGSGSGGSGGSG Ld2 motif of paxillin 2L6G NMR —
adhesion kinase
Fat domain of focal GSGSGSGSGGSG Ld4 motif of paxillin 2L6F NMR —
adhesion kinase GSGGSGGSGGSGGS

linked to Ld2 motif
of paxillin at its
C-terminus via
GSGGSGSGGSGG-
SG linker

(LMO), LIM homeodomain (LIM-HD) proteins, and
LIM kinase families. Generally, LMO proteins are
localized in the nucleus, but lack a nuclear localiza-
tion sequence. Thus, to keep these proteins in the
nucleus they must be bound to LIM domain binding
protein-1 (Idb1). LMO1, 2, and 4 play a major role in
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normal and leukemic T-cell development, and the
LMO-1dbl complexes may modulate gene expres-
sion.” LMO proteins are insoluble and unstable
when expressed by bacteria; but this can be rectified
when they are fused with ldbl using either a
GGSGGHMGSGG or a GGSGGSGGSGG linker at

PROTEIN SCIENCE ‘ VOL 22:153-167 157


http://firstglance.jmol.org/fg.htm?mol=1ZGL
http://firstglance.jmol.org/fg.htm?mol=3PL6
http://firstglance.jmol.org/fg.htm?mol=1T6O
http://firstglance.jmol.org/fg.htm?mol=2XKV
http://firstglance.jmol.org/fg.htm?mol=1TOL
http://firstglance.jmol.org/fg.htm?mol=2IDC
http://firstglance.jmol.org/fg.htm?mol=2F2P
http://firstglance.jmol.org/fg.htm?mol=2F2O
http://firstglance.jmol.org/fg.htm?mol=1HPX
http://firstglance.jmol.org/fg.htm?mol=1G6L
http://firstglance.jmol.org/fg.htm?mol=1LV1
http://firstglance.jmol.org/fg.htm?mol=2NPH
http://firstglance.jmol.org/fg.htm?mol=3DOX
http://firstglance.jmol.org/fg.htm?mol=2WHH
http://firstglance.jmol.org/fg.htm?mol=3N3I
http://firstglance.jmol.org/fg.htm?mol=3MIM
http://firstglance.jmol.org/fg.htm?mol=4EP2
http://firstglance.jmol.org/fg.htm?mol=4EPJ
http://firstglance.jmol.org/fg.htm?mol=4EP3
http://firstglance.jmol.org/fg.htm?mol=4EQJ
http://firstglance.jmol.org/fg.htm?mol=4EQ0
http://firstglance.jmol.org/fg.htm?mol=1QWH
http://firstglance.jmol.org/fg.htm?mol=1II5
http://firstglance.jmol.org/fg.htm?mol=1IIT
http://firstglance.jmol.org/fg.htm?mol=1FTK
http://firstglance.jmol.org/fg.htm?mol=1FTL
http://firstglance.jmol.org/fg.htm?mol=1FTO
http://firstglance.jmol.org/fg.htm?mol=1FW0
http://firstglance.jmol.org/fg.htm?mol=1FTJ
http://firstglance.jmol.org/fg.htm?mol=1FTM
http://firstglance.jmol.org/fg.htm?mol=1S9T
http://firstglance.jmol.org/fg.htm?mol=1SD3
http://firstglance.jmol.org/fg.htm?mol=1S50
http://firstglance.jmol.org/fg.htm?mol=1S7Y
http://firstglance.jmol.org/fg.htm?mol=2L6H
http://firstglance.jmol.org/fg.htm?mol=2L6G
http://firstglance.jmol.org/fg.htm?mol=2L6F

Figure 1. Crystal structure of MHC Class Il-peptide
complex. Ribbon representation of MHC Class Il I-A°
(green) and ovalbumin peptide (magenta) complex (PDB
code: 2IAD), where the C-terminus of ovalbumin peptide is
linked to the N-terminus of the B chain of MHC Class Il I-A°
molecule using a GSGSGS (6aa) linker. The electron density
for the linker was not observed and the possible position
was indicated as blue dotted lines. All structure-related
figures of this review were prepared using the program
PyMol.””

the C-terminus.®° The LIM interaction domain (LID)
of 1db1 (300-340) is unstructured in solution.?° Upon
binding to the N-terminal LIM domains of LMO2
and LMO4, the LID of Idbl adopts an extended
conformation, stretched along the face of the LIM
domain [Fig. 2(A)] to facilitate binding.

A

Likewise, LIM-HD proteins tend to be insoluble
and unstable. There are 12 mammalian LIM homeo-
domain proteins consisting of six pairs of paralogues,
which often have overlapping expression patterns
and functions. Two such paralogous pairs are LIM
homeobox protein 3 and 4 (Lhx3 and Lhx4) and Is-
let-1 and -2 (Isl1 and Isl2). When expressed in bacte-
ria, the LIM domains from Lhx3 and Lhx4 tend to
aggregate and are largely insoluble. Linking an
interaction partner, such as Isll or 1dbl, to the LIM
domains can prevent this aggregation and allow pro-
duction of soluble tethered complexes®! [Fig. 2(B)].
Since then, various LIM domain structures (Table I)
have been solved by exploiting the same tech-
nique.23293045-50 Figyre 2(A,B) shows the interac-
tion between lbdl and the different LIM domains.
These structures were solved using X-ray and NMR
techniques. The backbone assignment by NMR
experiments for the Gly-rich linker revealed that the
linker exists as a random coil.*”

PXR-LBD and SRC-1 complex. Pregnane X re-
ceptor (PXR) is a xenobiotic receptor and a ligand-in-
ducible transcription factor involved in regulating
drug metabolizing enzymes and transporters. PXR
contains two domains: a highly conserved DNA-bind-
ing domain (DBD) at the N-terminus and a more di-
vergent ligand-binding domain (LBD) at the C-ter-
minus. The LBD of PXR is involved in ligand
recognition and also interacts with co-activator pro-
teins. PXR is an unstable protein and exists as a
complex with its co-repressor. Ligand binding

Figure 2. Structural details of LIM domains and their binding partner complexes. (A) Ribbon representation of the crystal
structure of LMO4 (green)-ldb1 (magenta) complex (PDB code: 1RUT), where the C-terminus of LMO4 is linked to the N-
terminus of Ldb1 using a GGSGGSGGSGG (11aa) linker. The blue dotted line represents the possible position of the missing
amino acids of the linker. (B) NMR structure of Lhx3 (green)-ldb1 (magenta) complex (PDB code: 2JTN), where the C-terminus
of Idb1 is linked to N-terminus of Lhx3 using a GGSGGHMGSGG (11aa) linker (dark blue). Zn?* ions are shown as orange

spheres.
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Figure 3. Crystal structure of the ligand binding domain of
Pregnane X receptor (PXR-LBD) and steroid receptor
activator 1 (SRC-1). Ribbon representation of PXR-LBD
(green)—SRC-1 interacting peptide (magenta) complex,
where the C-terminal of PXR-LBD is linked using a GGSGG
(5aa) linker to the N-terminus of the SRC-1 interacting
peptide (PDB code: 3CTB). The blue dotted line shows the
possible positions of the missing amino acids of the linker.

displaces the co-repressor by a co-activator, the ste-
roid receptor activator 1 (SRC-1). Studying the inter-
action between the PXR-LBD and SRC-1 is impor-
tant in order to understand the mechanism of
ligand-mediated transcriptional effects. A dual
expression system was initially used to characterize
this binding, but resulted in the production of unsta-
ble proteins and a stoichiometry of SRC-1 to PXR of
less than 1:1. Watkins et al. purified PXR using the
SRC-1 domain and then combined this PXR with a
SRC-1 interacting peptide to form a complex and
determine the crystal structure (PDB: 1NRL).%2
They found that the C-terminus of PXR lies near the
N-terminus of SRC-1, at a distance of 18 A, which
would require at least five amino acids to link these
proteins. Thus, the SRC-1 peptide was fused to the
C-terminus of the PXR-LBD using various length
linkers such as SGGGSSHS, SGGSGGSSHS, and
SGGSGGSGGSSHS (underlined sequences are the
added linker; the flanking regions are from the
interacting proteins), with most crystals obtained
with the 10-amino acid Gly-rich linker®! (Fig. 3).

Linkers to trap transient protein-protein
interactions

Several key biological events are dictated by pro-
tein—protein interactions, most of which are tran-
sient and weak. Trapping a weak or transient inter-
action for structural studies is always challenging,
and flexible Gly-rich linkers have thus proven help-
ful in these instances; for example, trapping of fast
dissociating reactions, such as the MHC molecule-
bound peptide recognition by TCR; the interaction
between a phosphoprotein and a nucleocapsid pro-
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tein of the paramyxovirus; as well as trapping low-
affinity binding interactions, such as in the case of
g3p-TolA and Histone H3-Asfl (Anti-silencing func-
tion 1). Further, in the case of calmodulin (CaM)
and the calmodulin binding domain (CBD) of calci-
neurin, this strategy has been utilized to trap an
unstructured protein that gains secondary structure
upon binding with its partner. This wide usage of
linkers is briefly discussed in the following sections.

T-cell receptor, peptide and MHC class II
complexes. T-cell receptors (TCR) are found on the
surface of T lymphocytes and recognize antigens
bound to major histocompatibility complex (MHC)
molecules. When the TCR engages with an antigen
and MHC, it becomes activated to enhance the
immune response. However, studying these interac-
tions has proven difficult in the past due to a very
low affinity between the TCR and the peptide/MHC
molecule. Kinetic studies also indicated a slow asso-
ciation and fast dissociation, which made it difficult
to trap this transient interaction for further stud-
ies.”®® Hence, to stabilize the TCR/peptide/MHC
complex for crystallization, the antigen peptide was
covalently linked using a Gly-rich linker at the N-
terminus of the MHC molecule B chain (see also
MHC class II-peptide complexes section); this linker
helped to mediate the formation of a stable TCR-
antigen peptide-MHC molecule ternary complex.>?%%
Another way to stabilize this complex was shown
using an eight-amino acid polypeptide
(GGSGGGGG) to link the antigen peptide and the
N-terminus of the variable B chain of TCR.5*7® The
overall structure of the TCR-peptide-MHC and the
MHC-peptide-TCR molecules did not show any dif-
ferences in the binding regions of MHC and TCR
molecules using both methods [Fig. 4(A,B)]; thus,
the structure was able to be solved as a ternary com-
plex. Table I outlines the various TCR-peptide-MHC
ternary complexes that were solved using these
methods.

Phosphoprotein-nucleocapsid protein
complex. Within the virion of the paramyxovirus
family of viruses, the nucleocapsid protein (N) packs
the genomic RNA into a helical protein-RNA com-
plex known as a nucleocapsid. It is used as a tem-
plate for the transcription of mRNAs by a viral RNA
polymerase, which consists of two components: the
large protein and the phosphoprotein (P). While the
large protein is involved in the catalytic activities of
the polymerase, the phosphoprotein is involved in
binding the polymerase to the nucleocapsid through
its C-terminal region (459-507). The binding site for
the phosphoprotein has been mapped to the C-termi-
nus (486-505) of the nucleocapsid protein.®* Kinetic
studies showed that this is a fast-associating reac-
tion, with a weak binding affinity. Hence, to stabilize
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Figure 4. Crystal structures of different MHC molecule-peptide-T cell receptor (TCR) complexes. (A) Ribbon representation of
TCR D10 (green)-hen egg CA peptide (yellow)-MHC Class Il I-A* (magenta) complex (PDB code: 1D9K), where the C-terminus
of the CA peptide is linked to the N-terminus of the B chain of the MHC class Il I-AX using a GGGGSLVPRGSGGGGS (16aa)
linker. An interactive view is available in the electronic version of the article. (B) Ribbon representation of TCR HA 1.7 (green)-
Hemagglutinin (HA) peptide (yellow)-MHC molecule HLA-DR1 (magenta) complex (PDB code: 1FYT), where the C-terminus of
the HA peptide is linked to the N-terminus of the variable  chain of the TCR HA 1.7 using a GGSGGGGG (8aa) linker. The
blue dotted line shows the possible positions of the missing amino acids of the linker. An interactive view is available in the

electronic version of the article.

this complex, the C-terminus of protein P was linked
using a Gly- and Ser-rich linker (GSGSGSGS) to the
N-terminus of protein N, and the linked complex
was crystallized. This structure showed anti-parallel
packing of the helix from the N protein [Fig. 5(A)].
However, the angle between the N protein helix and
the final helix of the P protein suggests that it could
be an intermolecular interaction between P and N
proteins instead of intramolecular interaction.'*

Ribosomes-SRP-FtsY Complex. Escherichia coli
signal recognition particle (SRP) consists of a protein
(Ffh) and 4.5S RNA. Ffh and FtsY (receptor of SRP)
consist of an NG domain, a GTPase G domain, and
an N domain. An association between SRP and FtsY
via the NG domain is required for the delivery of
ribosome-nascent chain complexes to the membrane,
and a reciprocal GTPase activation coordinates the
transfer of the signal sequence to the translocon.®®
Associations of SRP and FtsY involve a series of
GTP-independent and -dependent steps, and form a
relatively unstable complex that is visualized by
cryo-EM. However, the interaction between Ffh and
FtsY is stabilized by fusion of the C-terminus of
FtsY to the N-terminus of Ffh via a 31-residue Gly-
and Ser- rich linker, yielding a single-chain con-
struct (scSRP).?® The single chain scSRP behaves
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similar to an unlinked SRP and FtsY, and binds
ribosomes efficiently, without altering the GTPase
activity. The cryo-EM structure of scSRP bound to
the ribosome was thus described.?®

g3p-TolA complex. Ff phages are used as a selec-
tion tool by displaying proteins and peptides on the
phage surface by genetic fusion with minor coat
gene 3 proteins (g3p). g3p consists of three domains
(N1, N2, and CT) connected to each other by natu-
ral, flexible Gly-rich linkers. Phage infection of E.
coli cell progresses by the interaction between the
N2 domain and the tip of an F pilus, with the pilus
retracted by an unknown mechanism.®? At this junc-
ture, the N1 domain interacts with the C-terminal
(D3) domain of the integral membrane protein TolA,
an interaction which is not clearly understood, and
leads to entry of the phage genome into the bacterial
cytoplasm. To further understand the mechanism of
host cell infection by phages, the interaction
between the N1 domain of g3p and the D3 domain of
TolA was required.® However, the affinity between
these two domains is weak.®® Hence, a Gly-rich
linker ((G3SE)3Gs) was generated to fuse the C-ter-
minus of the N1 domain of g3p and the N-terminus
of the D3 domain of TolA. A long flexible linker was
naturally present between the N1 and N2 domains
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Figure 5. Structural details of transient protein—protein interactions using Gly-rich linkers. (A) Ribbon representation of the
crystal structure of phosphoprotein (P457-507) of paramyxoviral polymerase (green)-nucleocapsid protein (N4gs-505) (magenta),
where the C-terminus of P4s7_507 is linked using a GSGSGSGS (8aa) linker to the N-terminus of the nucleocapsid protein
(N4se-505) (PDB code: 1T60). The interacting peptide (magenta) was from the adjacent symmetry-related molecule (cyan). (B)
Ribbon representation of the N1 domain of g3p (magenta)—D3 domain of TolA (green) complex, where the C-terminus of g3p
is linked using a GGGSEGGGSEGGGSEGGG (18aa) linker to the N-terminus of TolA (PDB code: 1TOL). (C) Ribbon
representation of Anti-silencing function 1 (Asf1; green)-a3 helix of Histone H3 (magenta) complex (PDB code: 2IDC). The
linker amino acids (AAGAATAA (8aa)) were not present in the pdb except for first two Ala residues. The predicted linker

position is shown as a blue dotted line in all panels.

of g3p, and hence the use of a long linker between
the N1 domain of g3p and the D3 domain of TolA
did not impose any constraints [Fig. 5(B)].

Histone H3-Asfl complex. Chromatin structure
and organization is important during the various
stages of the cell cycle. The initial steps of chromatin
organization involve the deposition of a (H3/H4),
heterotetramer onto the DNA. Asfl (anti-silencing

function 1) is one of the several histone chaperones
involved in this deposition. NMR and two-hybrid
experiments have shown that the C-terminus of the
03 helix of yeast histone H3 interacts with Asf1,57%8
but this interaction is weak.’” Hence, to obtain a
stable complex, the o3 helix of Histone H3 was
linked using an alanine-rich linker (AAGAATAA) to
Asf1%° [Fig. 5(C)]. To our knowledge this is the only
case where an alanine-rich linker was used.

Figure 6. Structural similarities between linked and unlinked complexes of Calmodulin and the Calcineurin calmodulin
binding domain (CBD). (A) Ribbon representation of Calmodulin (green)-CBD of Calcineurin (magenta) complex, where the C-
terminal of Calmodulin is linked using a GGGGG (5aa) linker to the N-terminus of the Calcineurin CBD (PDB code: 2F2P). The
predicted linker position is shown as a blue dotted line. (B) Ribbon representation of Calmodulin (green)-CBD of Calcineurin
(cyan) complex, generated by co-crystallization (PDB code: 2R28). Both structures were found to be similar. Ca®* ions are

shown as orange spheres.
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Figure 7. Crystal structure of covalently linked dimers. (A) Ribbon representation of covalently linked HIV-1 protease (PR)
dimer (PDB code: 1HPX), where the C-terminus of one monomer (magenta) is linked to the N-terminus of another (green)
using a GGSSG (5aa) linker (shown as a blue dotted line) in the presence of the protease inhibitor compound, KNI-272
(represented as light blue sticks). (B) Ribbon representation of covalently linked transthyretin dimer (PDB code: 1QWH), where
the C-terminus of one monomer (magenta) is linked to the N-terminus of another (green) using a GSGGGTGGGSG (11aa)
linker. The missing amino acids of the linker are shown as a blue dotted line.

CaM-calcineurin CBD complex. A similar
approach was adopted to study the complex struc-
ture of calmodulin (CaM) and the calmodulin-bind-
ing domain (CBD) of calcineurin. Calcineurin is a
CaM-dependent serine/threonine protein phospha-
tase involved in various signaling pathways.®® The
CBD of calcineurin is largely disordered in the ab-
sence of CaM and attains a secondary structure
upon its interaction with CaM.?® To facilitate the co-
crystallization of the CaM-CBD peptide complex, the
C-terminus of CaM was linked to the N-terminus of
the CBD peptide using a five-amino acid Gly linker
(GGGGG).%! Later, the same group determined the
crystal structure of CaM-CBD peptide by co-crystal-
lization in the absence of a linker (PDB: 2R28) and
found that the structures of CaM-CBD peptide with

A Amino B
Terminal
Domain
1
S2
M1 m2 M3

N
W s

and without the linker were same (Fig. 6); this
result proved that the presence of the flexible Gly-
rich linker did not restrain the interactions between
CaM and CBD peptide.”!

Linkers to retain dimerization

Functional dimers are generated by fusing two
monomers via a Gly-rich linker, and they are often
involved in various enzymatic activities. The HIV-1
protease (HIV-PR) and other retroviral proteases are
dimeric molecules that consist of two identical subu-
nits. Crystal structures of HIV-PR have shown that
the dimer interface of the protease contains the
amino- and carboxyl-terminal strands of each mono-
meric subunit.”®> This tethered dimer provides a
means to determine the effect of changes to one of

Figure 8. Structural details of the ligand binding core of Glutamate receptors (GluRs). (A) Cartoon representation of the
domain structure of glutamate receptor ion channels (GluRs). The S1 and S2 domains are linked using a GT peptide to
generate a ligand binding core for structural studies. (B) Ribbon representation of the ligand binding core of GIuR2, where the
C-terminal of S1 (green) is linked to S2 (magenta) using a GT di peptide (dark blue) in complex with glutamic acid (Red) (PDB

code: 1FTJ). Zn?* ion is shown as an orange sphere.
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the two subunits on the activity of HIV-PR.'® Thus,
a covalently linked dimer of HIV-PR was constructed
with a 5-amino acid (GGSSG) linker that connected
the C-terminus of one monomer to the N-terminus of
the other. This covalently linked dimer showed enzy-
matic properties very similar to those of the natural
dimer and was found to be more stable than the nat-
ural HIV-PR dimer at pH 7.0, where the natural
dimer dissociates. Figure 7(A) shows an example of
covalently linked HIV-1 PR dimer. Later structures
using various mutants of the HIV-PR tethered dimer
and the structures of HIV-PR tethered dimer in the
presence of substrate peptides were determined as
shown in Table 1.527°

Similarly, transthyretin (TTR), a carrier of the
thyroid hormone, thyroxine, and the holo-retinol
binding protein, is known to form a tetramer, with
two subunits each consisting of a dimer. TTR amy-
loid diseases are caused due to misfolding, aggrega-
tion and deposition of wild-type TTR in cardiac tis-
sue and other destabilizing mutations that make
TTR deposition prone in a variety of tissues. The
rate-limiting dissociation of the tetramer into its two
subunits is necessary for amyloid fibril formation.®3
Experiments were conducted to determine the effect
of tethering these closely interacting subunits on the
kinetic stabilization of the tetramer. A tethered con-
struct (TTR-GSGGGTGGGSG-TTR); was generated
to stabilize the tetramer [Fig. 7(B)]. The linked com-
plex was highly stable and also structurally and
functionally similar to wild-type TTR. Besides, it
was reported that urea was unable to denature the
tethered dimer whereas guanidine hydrochloride
treatment was able to denature the tethered dimer;
the authors suggest that tethered complex is kineti-
cally, rather than thermodynamically, stable.”* This
study also showed that tethering two subunits can
dramatically reduce tetramer dissociation.

Linker to fuse domains within a protein

In the mammalian nervous system, fast synaptic
transmission between nerve cells is carried out
mainly by ionotropic glutamate receptors (iGluRs), a
class of transmembrane proteins that form gluta-
mate-gated ion channels. They are composed of dis-
tinct channel-forming and ligand binding domains,
where many synthetic agonists and antagonists are
known to bind.”>"* The S1 and S2 domains form
the core ligand binding region of these proteins.
Although S1 and S2 form a ligand binding core, they
are separated by three membrane spanning seg-
ments. Hence, to generate a ligand binding core, S1
and S2 were covalently linked (Fig. 8). For struc-
tural studies of the ligand binding domain, a Gly-
Thr dipeptide linker was sufficient to covalently link
the S1 and S2 domains of the ligand binding core of
the glutamate receptors, and mimic its binding affin-
ity for various agonists.®*
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Linker selection criteria

The selection of a linker sequence and length is de-
pendent on the construction of functional chimeric
proteins, and therefore, the optimal linker length
will vary on a case by case basis. De novo linker
design will be successful if the site of interaction
between the two proteins is approximately known.
More often, the existing knowledge of the known ho-
mologous complex structures is used to design link-
ers of an appropriate length that will mimic the nat-
ural interaction. The actual distance between the
site of the interaction and the nearby N- or C-termi-
nus to which the binding partner can be fused will
provide clues for the de novo design of a linker or an
appropriate length. Often, binding regions on the
surface of proteins can be mapped using various bio-
physical and/or mutational analyses® and, based on
these details, linker length and composition can be
designed. In some cases, linking two proteins with a
linker that is hypothesized to promote an intramo-
lecular interaction of a chimeric protein may not be
sufficient. Instead, it can form an intermolecular
interaction, similar to the case of the phosphoprotein
(Paso_s507) and the nucleocapsid protein (Nygg_s05).5*
Similar binding was observed in our recent studies
with CaM and the Neurogranin IQ motif peptide,
where the binding partners are linked. We noticed
that the peptide and protein from the adjacent mole-
cules were interacting with each other (unpublished
data). Our results and the results of others clearly
show that if the linker length is not optimal, the
linked partner will engage with an adjacent mole-
cule to retain its specificity and natural interactions
(intermolecular interaction). Thus, the linkers
should be in an optimum length to promote either
intramolecular or intermolecular interactions.

In general, the minimum and maximum lengths
of linkers used in the studies reviewed here were
between 2 and 31 amino acids (Table I), with a com-
mon linker lengths of 5 to 11 amino acids for struc-
tural studies. The length of the linker mainly
depends on the system under study and a preunder-
standing of the binding region may help to predict
the approximate length of the linker. Apart from
length of the linker, the composition should also be
optimized. Not all amino acids make a perfect choice
for linkers, since a certain degree of flexibility and
hydrophilicity of the linker are important to retain
the functions of the individual domains and allow
the fused proteins to interact with each other.* Gly
has low preference to form an a-helix; thus, the lack
of a sidechain maximizes the freedom of the back-
bone conformation.’® Furthermore, Ser and Thr are
polar residues that prefer to interact with the sol-
vent than with the fused proteins.* Thus, polypep-
tides rich in Gly, Ser, and Thr offer special advan-
tages: (i) rotational freedom of the polypeptide
backbone, so that the adjacent domains are free to
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move relative to one another,** (ii) enhanced solubil-
ity,2® and (iii) resistance to proteolysis.®” The back-
bone dihedral angles of residues in linkers are
highly variable; that is, in Ramachandran plots,
they occupy a significantly larger area than either
the a-helices or B-sheets.

Our literature analyses show that various com-
positions of linkers have been used for structural
studies (Table I). In the case of MHC Class II-pep-
tide complex, two different types of linkers (with
and without thrombin cleavage site) were used,
while in the case of MHC-peptide-TCR ternary com-
plex, peptide linking was achieved through two dif-
ferent methods (peptide linked to either MHC or
TCR molecule) (Table I). In other structural studies,
linkers with almost equal composition of Gly and
Ser were used, such as for the phosphoprotein-nu-
cleocapsid protein complex, the ribosomes-SRP-FtsY
complex and the Fat domain of focal adhesion kinase
complexes. By comparison, for the linked complexes
of the LIM domain, PXR-LBD, peptide bound to
TCR-MHC, g3p-TolA, HIV-1 PR, and TTR covalently
dimers, various lengths of Gly- and Ser-rich linkers
were employed, for which over 60% of the linker
amino acids were Gly. For structural studies of
CaM-CBD of calcineurin complex, the study inte-
grated a 5-amino acids linker with all Gly residues.
Hence, a suitable linker might comprise a combina-
tion of small side chained amino acids, such as Gly
and Ser, with an overall higher percentage of Gly.

Apart from designing linkers (length and amino
acid composition), optimizing conditions to retain
the interactions between the linked partners is im-
portant. In general, the flexible Gly-rich linkers do
not alter the properties of the proteins to which they
are bound, and permit the natural interaction to be
retained. Optimized conditions for the interaction
between the linked partners should be the same as
that without the linker. This should be confirmed
using unlinked interacting partners in various in
vitro methods, such as immunoprecipitation or ITC/
SPR experiments.

Concluding Remarks

Gly-rich linkers are naturally occurring separators,
connecting domains within proteins while allow dis-
crete functions of the domains. This system has now
been widely exploited synthetically to optimize pro-
tein—protein interactions that are weak, transient,
and otherwise complicated and have hitherto
escaped being exposed using crystallography-based
techniques. The recombinant fusion of interacting
proteins through suitable linkers offer a unique
advantage in retaining stable complex among the
weak affinity or transiently interacting partners or
binding with the unstructured partners. The studies
explored here indicate that linkers are highly flexi-
ble and do not hamper the interactions between the
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linked proteins. This linker approach can be

extended to other protein—protein interactions or to
fuse different domains for structural studies. Various
compositions of linkers have been used for structural
studies, focusing on Gly and other small side-
chained amino acids. However, in the future, other
amino acids may be explored for their worth in the
design of new artificial linkers.%®
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